Introduction
Quasi-one-dimensional nanostructure based oxides, such as nanowires and nanobelts, have attracted much attention in recent years, which exhibit unusual optical, electronic or mechanical properties as compared to those of bulk materials, due to the significant surface related defects originating from the high surface to volume ratios. In addition, some important advantages such as good high temperature stability, oxidation resistance and stable electric properties, demonstrate their potential basic building blocks for new classes of environmentally conscious electronics. Much effort has been made to develop nanoscale optical and electronic devices for the generation of renewable energy using the nanowire and nanobelt based oxides. As a simple and scalable growth method, the oxidation behavior of metals has been typically conducted on the nanostructure growth of metal oxides over several decades Gu et al., 2002; Jiang et al., 2002; Ren et al., 2007; Takagi, 1957; Yu et al., 2005; Yu et al., 2006) . On the other hand, Pan et al. reported the SiO x nanowire growth using gallium (Pan et al., 2002; . In addition, a variety of oxide nanostructures have been synthesized by the thermal oxidation of silicide alloys with gallium (Ogino et al., 2007) . In this paper, we report a variety of nanowire and nanobelt based oxides (ZnO, -Fe 2 O 3 , -Ga 2 O 3 ) grown by the thermal oxidation with gallium in air.
Growth & characterization
The oxide nanostructures were synthesized by the thermal oxidation of the source substrates with gallium in air. Gallium was melted around 35~40 °C, then manually applied to the substrates using a stick. The substrates with gallium were loaded into a quartz tube which is open to the air. The oxide nanostructure growth was performed by exposure of the substrates with gallium to the air, and the oxide nanostructures were grown at elevated temperatures for several hours. The as-grown oxide nanostructures were characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM) with selected area electron diffraction (SAED) and high-resolution transmission electron microscopy (HRTEM). The compositional analysis was made using energy dispersive X-ray spectroscopy (EDS). 
Oxide nanowires & nanobelts

ZnO
ZnO is well known as one of the most promising wide band-gap semiconductor materials, and the ZnO quasi-one-dimensional nanostructures have attracted tremendous attention for its potential applications in nanoscale electronics and optoelectronics (Lu et al., 2006) . ZnS has been adopted as a buffer or source material for the growth of various ZnO crystals. ZnO nanorods and nanowires (Yuan et al., 2003) were grown by the thermal evaporation of ZnS powders; while using ZnS and Fe(NO 3 ) 3 , ZnO whiskers were grown (Hu et al., 2001) ; ZnO nanobelts were formed by the oxidation of a ZnS nanobelt (Li et al., 2004) . Miyake et al. reported a simple growth technique of epitaxial ZnO layers using ZnS substrates (Miyake et al., 2000) . The growth of ZnO nanostructures is expected when the thermal oxidation with gallium is applied to the ZnO growth using ZnS substrates. In this section, we report the ZnO nanowires and nanobelts grown at temperatures of 700~900 ºC for 5 h in air. Fig. 4 (a) , respectively. The plane spacing perpendicular to the growth direction is about 0.26 nm, which is consistent with that of the (0002) planes of the ZnO crystal. Stacking faults lying on the (0001) planes are observed perpendicular to the growth direction, and the streaking SAED pattern in the inset of Fig. 4 (c) is caused by the existence of the stacking faults. As shown in Fig. 4 (d) , the average distance of the lattice planes is about 0.43 nm and 0.26 nm. The angle between them is about 75°. The spacing lattice conforms to that of the cubic ZnGa 2 O 4 crystal ( = 0.8335 nm; JCPDS Card No. 38-1240) . The SAED pattern in the inset of Fig. 4 (d Fig. 4 (a) and the corresponding Zn, O, Ga and S EDS mapping, respectively. The pictures reveal that the Ga atoms are highly concentrated at the substrate of the nanowire, while the Zn atoms are distributed in both the layer and nanowire. The EDS result reveals that the nanowire mainly contains zinc and oxygen, and the ratio of zinc to oxygen is about 54:45, indicating stoichiometric ZnO. It should be noted that small amounts of Ga or S remain in the ZnO layer. The observed stoichiometry of the substrate region does not strictly agree with that of ZnGa 2 O 4 , which might be caused by the co-existence of other Zn or Ga compounds in deeper regions of the substrate. Figure 6 shows typical SEM images of the ZnO nano-and micro-belts with a variety of morphological features. Branched (Fig. 6b ), stepped ( Fig.6c and d) and irregular shaped ( Fig. 6d and e) belt-like structures were observed. The morphology of the belt shown in Fig.  6 (e) is quite similar to that reported by (Jian et al., 2006; Zhao et al., 2004) , but no droplet exists on the tip of the belt presented here. Meanwhile, several thick belts with cross sectional sides are shown in Fig. 6 (c) . In comparison, thin belts were also observed, as shown in Fig (e) show the TEM image of several nanobelts and corresponding SAED pattern, respectively. The SAED pattern is recorded from the nanobelt as marked by E in Fig. 8 (d (Fig. 3a, Fig. 4a and Fig. 7a ) because of the kinetically fast growth of the (0001) planes for the anisotropic crystal structure (Baxter et al., 2003) . Meanwhile, the growth rate of the ZnO crystals along the [0001] direction is faster than along the ] 11 1 0 [ direction (Li et al., 1999) . Therefore, the transfer of the growth direction from ] 11 1 0 [ to [0001] for the stepped nanobelt ( Fig. 7a) is possibly determined by the kinetically driven growth and minimization of the surface energy (Ye et al., 2005) . ZnO belts growing along the [0001] direction with wide and narrow surfaces of ) 0 1 1 2 ( ± a n d ) 10 1 0 ( ± (Fig. 7a ) were reported by (Pan et al., 2001; Ye et al., 2005) , and those growing along the ] 0 2 11 [ direction with wide and narrow surfaces of ) 00 1 1 ( ± a n d ) 0001 ( ± (Fig. 8a) were reported by (Deng et al., 2005; Li et al., 2004) . A few reports described the synthesis of ZnO belts with both morphologies . However, in the present work, we reported a new type of ZnO nanobelt with flat surfaces of ) 3 1 2 1 ( ± a n d growth directions perpendicular to ) 1 2 11 ( ( Fig. 8d) . Meanwhile, all of the types of ZnO belts were synthesized by the simple growth method, which provides the possibility for the selective growth of ZnO nanostructures by controlling the growth conditions. The characterizations of the above ZnO nanostructures show that the surface region of the substrate is composed of ZnO or ZnGa 2 O 4 , which indicates that the ZnO nanostructures grew on ZnO or ZnGa 2 O 4 domains by the oxidization of the surface of ZnS substrate. It has been reported that the selective growth of a particular phase is mainly triggered by a specific interface composition, and is governed by the diffusion flux to the interface (Majni et al., 1981) . In this sense, when ZnS is used as the starting material of the growth evolution, O diffusion into ZnS leads to the formation of ZnO near the surface. The enthalpy of formation of ZnO (41.9 kcal/g-atom) (Kubaschewski & Alcock, 1979) is greater than that of ZnS (24.5 kcal/gatom) (Kubaschewski & Alcock, 1979) . The formation of ZnO is thermodynamically favored as compared to that of ZnS. On the other hand, the enthalpy of formation of Ga 2 O 3 (51.8 kcal/gatom) (Kubaschewski & Alcock, 1979) is greater than that of ZnO. If the Ga droplets remained on the ZnS surface, Ga could be oxidized to form Ga 2 O 3 . It is assumed that Ga atoms are consumed to form ZnGa 2 O 4 , and possibly incorporated into ZnO as impurities.
α-Fe 2 O 3
As one of the oxide semiconductors with a small band-gap of 2.1 eV, -Fe 2 O 3 is the most stable iron oxide under ambient conditions. It is nontoxic, magnetic, corrosion resistant, and has promising applications in photocatalyst (Ohmori et al., 2000) , sensor (Liao et al., 2008) , magnetic storage media (Kim et al., 2006) and field emission (Yu et al., 2006) . To date, various -Fe 2 O 3 nanostructures, including whiskers, nanowires and nanobelts, have been synthesized by the oxidation of iron during a wide temperature range using a hotplate (Yu et al., 2006) , reactive oxygen plasma (Cvelbar et al., 2008) , oxygen (Takagi, 1957; Wen et al., 2005) , ozone (Srivastava et al., 2007) , or a gas mixture Wang et al., 2005; Xu et al., 2009) . In this section, we report the simple synthesis of -Fe 2 O 3 nanowires and nanobelts, via the direct thermal oxidation of iron substrates with or without gallium at temperatures of 600~800 ºC for 3 h in air. Figure 9 shows the SEM images of -Fe 2 O 3 nanostructures grown at temperatures of (a, b) 700 and (c, d) 800 ºC by the thermal oxidation of iron substrates (a, c) without or with (b, d) gallium in air. -Fe 2 O 3 nanobelts were grown on iron substrates at 800 ºC rather than nanowires grown at 700 ºC. On the other hand, -Fe 2 O 3 nanobelts and nanowires were grown on iron substrates with gallium at 700 ºC. In addition, it should be pointed out that the morphologies of the two kinds of nanobelts are quite different, and the width of the nanobelts grown without gallium at 800 ºC (Fig. 9c ) is generally larger than that grown with gallium at 700 ºC (Fig. 9b) . The detailed structures of the nanowires (Figs. 9a&b) and nanobelts (Figs. 9b&c) were characterized by transmission electron microscopy, which are shown in Figures 10-12 . The TEM image and corresponding SAED pattern of one of the nanowires, grown by the thermal oxidation of iron substrates at 700 ºC (Fig. 9a) , are shown in Figures 10 (a) and (b) , respectively. As shown in Fig. 10 (b) , the SAED pattern is composed of two sets of diffraction patterns with zone axis parallel to the [001] and ] 11 1 [ directions, respectively, as marked by the solid lines. It is indicated that the nanowire is composed of at least two overlapped grains to form a bicrystal structure, and the two overlapped grains share the same growth direction along the [110] . Figure 10 (c) shows an enlarged TEM image of the area marked by circle C in Fig.  10 (a) , and the crystal boundary is clearly seen. Figure 10 (d) shows the TEM image of the rectangular enclosed area of the right-side crystal in Fig. 10 (c) , the fringe spacing along the growth direction is about 0.252 nm, which corresponds to the interplanar spacing of the (110) planes of -Fe2O3 , and the corresponding FFT pattern with the [111] zone axis is shown in Figure 10 (e), which confirms the growth direction along [110] . In addition, as shown in Fig. 10 (b) , several additional weak diffraction spots as marked by the arrows are observed, which belong to the diffraction patterns with zone axis parallel to the [111] direction, as marked by the dotted lines. It is considered that the diffracted beam travelling through the grain viewed along the [001] direction is re-diffracted when it passes into the other grain viewed along the [111] direction. The observed weak diffraction pattern should be the double diffraction pattern, which occurs at the interface between the thin grains. In addition, few similar double diffraction spots are also observed in the SAED patterns of the nanobelts characterized below. Figure 11 shows the TEM images of the nanostructures grown by the thermal oxidation of iron substrates with gallium at 700 ºC (Fig. 9b) . The TEM image containing nanobelts and nanowires is shown in Figure 11 (a). Figure 11 (b) shows the TEM image of a nanobelt with the corresponding SAED pattern in the inset. Figure 11 (c) shows the TEM image of a nanowire, and an enlarged TEM image of the tip part is shown in the left-lower inset with the corresponding SAED pattern shown in the right-upper inset. The nanowire, with a diameter of about 100 nm, is as small as that observed in Fig. 10 (a) , but half as much as the width of the nanobelt. The SAED patterns reveal that either the nanobelt or the nanowire has a bicrystal structure with the growth direction along [110] . Figures 12 (a) and (e) show the TEM images of the nanobelts grown by the thermal oxidation of iron substrates at 800 ºC (Fig. 9c) . A nanobelt with a sharp tip is shown in Fig. Fig. 11 . (a) TEM image of the nanostructures shown in Fig. 9 patterns from the rectangular F, G and H enclosed areas in Fig. 12 (e) . Although only one set of diffraction pattern is shown in Figs. 12 (d, f) , actually some extra weak diffraction spots exist in the SAED patterns after careful examination. Thus, the nanobelts also have a bicrystal structure and grow along the [110] direction. The surface energy is one of the major factors that affect the growth direction of the nanowire or nanobelt (Ye et al., 2005) . The nanowires or nanobelts preferentially grow along the direction that minimizes their surface energy. Although the surface energy of the [110] orientation is not the highest (de Leeuw & Cooper, 2007) , the -Fe 2 O 3 nanoscale crystals preferred to grow along the [110] direction (Cvelbar et al., 2008; Kim et al., 2006; Takagi, 1957) . In the crystal structure of -Fe 2 O 3 , the O atoms are close-packed in the (110) planes, the O-rich and Fe-deficient character on the (110) planes is considered to be the driving force for the preferential growth along the [110] direction (Srivastava et al., 2007; Wen et al., 2005) . In addition, the bicrystal structure observed here did not affect the growth direction along [110] . In order to investigate the growth temperature dependence of the -Fe 2 O 3 nanostructure growth, the -Fe 2 O 3 nanostructure growth was tried by the thermal oxidation of iron substrates with or without gallium at temperatures of 600, 650 and 750 ºC for 3 h in the air, as shown in Figure 13 . By the thermal oxidation of iron substrates in the air, nanowires were grown at temperatures of 600~700 ºC (Figs. 13a&c, 9a) , while nanobelts were grown at temperatures of 750 ( Fig. 13e ) and 800 ºC (Fig. 9c) . The nanowires or nanobelts cover the surface of the irons and the density increases with the temperatures. However, nanobelts were grown by the thermal oxidation of iron substrates with gallium at temperatures of 600~750 ºC, meanwhile, few nanowires were also observed (Figs. 13b, d&f, 9c) . In addition, micro-crystals were grown at 800 ºC, and nanostructures were seldom obtained ( Fig. 9d ). Most of the nanowires and nanobelts become narrow towards the tip, and the length extends to tens of micrometers. In addition, the nanowires are generally thinner than the nanobelts. Due to the low Fe vapor pressure (Honig & Kramer, 1969) , and no evidence of deposition was found anywhere except on the iron substrate, the evaporation can be negligible at the growth temperatures in the air. In consideration of the rough surface of the iron substrate as observed in the as-grown samples, it is assumed that nanoscale Fe droplets were formed on the surface of the iron substrate at elevated temperatures, and Fe and O were absorbed into the droplets from the iron substrate and the air, respectively. The -Fe 2 O 3 nanostructures would be formed on the iron surface when the droplets got supersaturated, and the growth would be terminated when the liquid is condensed into the solid state during cooling down (Kim et al., 2006; Yu et al., 2006) . The -Fe 2 O 3 nanostructure growth should be controlled by the Fe surface diffusion and supersaturation (Lu & Ulrich, 2005; Takagi, 1957; Ye et al., 2005; . In this study, the transformation from nanowire growth to nanobelt growth or even microcrystal growth was observed in Figs. 9 and 13. It is generally suggested that high supersaturation favors the two-dimensional growth of the nanostructures (Lu & Ulrich, 2005; Ye et al., 2005; . At low temperatures (below 600 ºC), few droplets were formed and the diffusion rate was very low, thus sparse nanowires were grown (Fig.  13a ). More droplets were formed and the diffusion rate increased with the growth temperatures, thus the nanowires with high density were grown at 700 ºC (Fig. 9a ). When the temperature was higher than 750 ºC (Figs. 13e&9c) , the supersaturation was relatively high, two-dimensional nucleation would be initiated, and the increased diffusion rate accelerated the nanobelt growth (Wen et al., 2005) . On the other hand, the presence of gallium would significantly decrease the formation temperature of the droplets by forming eutectic (Okamoto, 2000) , and a high supersaturation could be achieved at low temperatures, which would facilitate the nanobelt growth, as compared with the nanowires grown by the thermal oxidization of iron. The nanobelts with a high density were grown at 700 ºC (Fig. 9b) , while micro-crystal growth rather than nanobelt growth occurred at 800 ºC (Fig. 9d ) due to the very high supersaturation and diffusion rate. In addition, the Fe diffusion from the bottom to tip is a diffusion limited process (Han et al., 2006) , which is considered to result in the narrowing of the nanowires (Figs. 10a&11c) and nanobelts towards the tip (Fig. 12a ).
β-Ga 2 O 3
-Ga 2 O 3 is chemically and thermally stable with a wide band-gap of 4.9 eV, thus has potential applications in optoelectronic devices and high temperature stable gas sensors (Ogita et al., 1999) . So far, a variety of -Ga 2 O 3 nanostructures has been widely synthesized through chemical vapor deposition , thermal evaporation (Zhang et al., 1999) or catalytic assisted growth (Choi et al., 2009 ) using gallium as one of the starting materials. As comparison, -Ga 2 O 3 nanostructure growth was carried out by the thermal oxidation of gallium at temperatures of 700~900 ºC for 24 h in air, and the -Ga 2 O 3 nanostructures were observed on the surface of molten gallium. As shown in Figure 14 , a series of SEM images reveal the growth evolution with the increase in the growth temperatures. -Ga 2 O 3 nanowires with a length less than 1 μm were grown at 700 ºC (Fig.  14a ), while -Ga 2 O 3 nanowires with a high density were grown at 800 ºC (Fig. 14b ), and the density and length increased with the temperature (Fig. 14c ). It is indicated that a high growth temperature favored the nucleation and nanowire growth of the -Ga 2 O 3 crystals. 
Conclusion
In this study, we showed a variety of nanowire and nanobelt based oxides, including ZnO, -Fe 2 O 3 and -Ga 2 O 3 , grown by the thermal oxidation with gallium in air. These results revealed the availability of such a simple growth method for the oxide nanostructure growth. In addition, the effect of gallium on the nanostructure growth (e.g., ZnO nanowires & nanobelts) and morphology transformation (e.g., -Fe 2 O 3 nanowires & nanobelts) was demonstrated, which provided the possibility of the selective growth of oxide nanostructures. Various other oxide nanostructures are expected when considering the anisotropic surface energy and nonhomogeneous supersaturation conditions, as well as the growth condition dependence of the selective growth.
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